MOST MAMMALIAN circadian rhythms, including those of body temperature (T b ) and activity, are generated by a circadian pacemaker located in the suprachiasmatic nucleus (SCN) of the hypothalamus (45, 56, 59) . These internally generated rhythms are synchronized to the 24-h rotation of the earth by environmental cycles acting as zeitgebers (entraining agents), the most important of which is the cycle of light and darkness (48) . Light-dark (LD) information is conveyed to the SCN through a set of projections comprising a circadian photic system, which includes a direct retinal projection to the SCN (44, 47) .
When animals are kept in constant environmental conditions, without an external synchronizing cycle, their behavioral and physiological rhythms are expressed with near-24-h circadian rhythms, referred to as free-running (6) . Brief light pulses presented against a background of constant darkness (DD) can then cause shifts in the phase of these rhythms when presented during the animal's subjective night, but not during the subjective day (41, 43, 64) .
Light can also exert physiological and behavioral effects independently of shifting circadian phase. In humans, who normally show a decline in T b during the night, early evening or nighttime light exposure of appropriate intensity and duration induces an immediate increase in core body temperature (T co ; see Refs. 8, 15, 62) . During the daytime, however, when T b is normally elevated, exposure to bright light does not induce similar increases (8) . Light exposure has also been reported to elevate T b of a diurnally active squirrel monkey (46) . Whether these acute effects of light on T b and its phase-shifting effects are mediated by related or independent mechanisms is not clear (11, 14, 18) . Injection of glutamatergic antagonists into the suprachiasmatic region can block light transmission to the SCN that would stimulate brown fat thermogenesis in anesthetized rats (2, 3) , suggesting a role for hypothalamic mechanisms in both processes.
The mechanisms underlying thermoregulatory responses to nocturnal light pulses are not well characterized. In humans, the normal nocturnal decline in T b parallels the nocturnal rise in pineal melatonin secretion (12, 62) , which is also regulated by the circadian pacemaker in the SCN (44) . Bright light is capable of suppressing melatonin (40, 61) , and the effects of light on T b can be antagonized in a dose-dependent manner by exogenous melatonin (13, 18, 38, 62) . Thus it has been proposed that suppression of melatonin levels accounts for much of the temperature-elevating effects of nocturnal light exposure in humans (8, 11) .
Melatonin may have different effects on thermoregulatory processes in nocturnal species from those in diurnal species. Melatonin is produced during the dark phase, and light suppresses melatonin synthesis, regardless of whether a species is nocturnal or diurnal in behavior type (21, 26, 34, 35, 40) . Thus nocturnal animals exhibit high T b , whereas diurnal animals exhibit low T b when melatonin levels are elevated at night. It has been reported recently that daytime melatonin administration elevates the cortical temperature or T co of several nocturnal rodents, although melatonin-induced hypothermia was also reported in some early studies (4, 5, 20, 32, 33, 55, 60) . If melatonin suppresses T b in nocturnal species, as it appears to do in humans, then the nocturnal rise in temperature normally observed in rats or hamsters must occur despite this influence. Alternatively, melatonin may have opposite thermoregulatory effects in nocturnal and diurnal species. In that case, if light alters T b via melatonin suppression, nighttime light should decrease, rather than elevate, T b in nocturnal animals.
Because the effects of light exposure on T b regulation and their dependence on circadian phase have not been studied in nocturnal rodents, we investigated changes of brain temperature (T br ) and T co of unrestrained Syrian hamsters, Mesocricetus auratus, in response to light exposure. Light pulses were applied either during the dark phase, when light is known to phase shift circadian rhythms and elevate human T b , or during the light phase when light does not phase shift rhythms. Because hamsters are relatively small, changes in activity could have significant, rapid impacts on their T b (52) . We therefore monitored motor activity simultaneously with T br or T co to quantify possible contributions of changes in activity to T b changes associated with an experimental treatment.
MATERIALS AND METHODS
Animals and experimental procedures. Forty adult male Syrian hamsters, M. auratus (ϳ150 g; LVG:lak; Charles River, St. Constant, Québec), were used. Twenty-two hamsters were implanted surgically with temperature-sensitive FM radio transmitters (ϳ2.5 g with coating; model VM-FH; MiniMitter) in the abdominal cavity to record T co . The other 18 animals were implanted intracranially to record T br using temperature-sensitive brain-probe FM transmitters (ϳ1.2 g; model XM-FH; MiniMitter) sealed within the tip of a cannula. The brain probe transmitters were fixed to the surface of the skull using dental cement and stainless steel screws as anchors. The tip of the cannula bearing the temperature sensor (460 µm diameter) was aimed at the dorsomedial hypothalamic region with the aid of a Kopf stereotaxic device (coordinates: 0.3 mm posterior to bregma, 0.5 mm lateral to midline, and 7.0 mm below the skull surface). This area was targeted to record hypothalamic temperature without risking damage to the region of the circadian pacemaker in the SCN. At the conclusion of the experiment, most animals with brain probes were killed with an anesthetic overdose, and their brains were perfused and prepared for standard cresyl violet histological examination to identify probe locations. The tips of the probes were located in the ventromedial thalamus toward the boundary of the dorsomedial hypothalamic region (Fig. 1) . All surgical procedures were conducted under deep pentobarbital sodium anesthesia (Somnotol; ϳ100 mg/kg ip; MTC Pharmaceuticals), and all procedures were conducted in accordance with Canadian Council on Animal Care recommendations and with the approval of the Dalhousie University Committee on Laboratory Animals.
After surgery, animals were housed individually in standard plastic cages (44 ϫ 23 ϫ 14 cm), with wood shavings as bedding materials. The cages were placed inside individual ventilated, light-proof chambers in a temperature-controlled room (25 Ϯ 1°C) under a 14:10 LD photoperiod. A 15-watt incandescent lamp (GE lighting) inside each chamber served as the light source. The light intensity was ϳ100 lx measured with a photometer (Optikon, Santa Monica, CA) held horizontally 40 cm below the light source. Food (Purina Laboratory Chow) and water were available at all times, and the animals maintained their body weights throughout the experiment.
Animals were divided randomly into four groups that were tested at different times of day. Zeitgeber time (ZT) 0 was defined as the time of lights on, and ZT14 was defined as the time of lights off. Detailed information for each of these groups, including numbers of animals studied, numbers of animals for which T br or T co were recorded, lighting conditions, and times of treatments, are provided in Table 1 . Animals were allowed to entrain to LD cycles for at least 2 wk before any treatment. Treatments consisted of a 1-h exposure to a light pulse using the same light source as for daily lighting cycles. Animals were exposed to a light pulse at one of four daily phases and were tested again in the same manner at the same daily phase after a 1-wk recovery period. Animals were exposed to light for 1 h beginning at one of two times during the subjective day (projected light phase; ZT6 or ZT10) or at two phases during the subjective night (ZT16 or ZT22). To allow us to expose animals to a light pulse against a dark background during their subjective days, animals were kept in darkness for 40 h (ZT6 pulses) or 44 h (ZT10 pulses) before these light pulses. The usual LD cycle was reestablished at ZT6 the day after the treatment. Because hamsters have free-running circadian rhythms with periods that are very close to 24 h (49), there would be little spontaneous shift in phase relative to the entraining cycle during the treatment day. The tests during the subjective night were conducted during the dark phase of a LD cycle, and data from these tests were used for analyses. A control experiment was conducted during which animals were maintained in DD for 1-2 days before being tested during the subjective night, and no differences were observed between subjective night responses in these two different situations (see RESULTS) . Increases in ambient temperature measured in the middle of a cage were Ͻ0.7°C after a 0.5-h light exposure and were Ͻ1.1°C after a 1-h light exposure.
Data acquisition. Transmitters used for recording both T br and T co were calibrated against a precision-certified mercury thermometer in a water bath to the closest 0.1°C before implantation. Radio frequency signals corresponding to an animal's T br or T co from a transmitter were captured and amplified by an antenna system. This system consisted of two-dimensional coils surrounding each animal's cage. The antennas from different measurement channels were multiplexed via multiplexing chips (MS 4051bcn; Fairchild) to a receiver (RLA 3000; Data Sciences International) that had been modified to reduce background noise and to selectively enhance sensitivity to the transmitters' carrying frequency.
Locomotor activity was monitored using passive infrared recorders (PIR; DSC BV300; Bravo) hanging 25 cm above the animals' cages. Movements of a body that has a temperature different from its surroundings trigger a PIR that, in turn, produces an activity count (37) . The PIRs detected any movement made by an animal Ͼ1 cm in any direction, to a maximum of 5 counts/s.
A programmed microprocessor (MC 68HC 705J1A; Motorola) was used to control switching among the antennas. The microprocessor also read the transistor-transistor logic signals from the transmitters and from the PIRs for each animal and sent the signals to an IBM personal computer via a serial port. The radio transmitter frequency for each of eight animals was measured sequentially for a 1-s interval every 8 s. For each animal, the characteristic radio frequency in a 3-min window was defined as the observed value with the smallest difference from all other frequencies recorded during that interval. This value was calculated and stored every 3 min by computer software written in Visual Basic that also transformed these radio frequency signals into temperature readings according to the regression equations obtained from transmitter calibration. The activity counts from each animal recorded continuously by a PIR were summed and stored by the same software in 3-min intervals, simultaneously with the animal's T br or T co data.
Data analysis. The values for T b and activity counts for each time point recorded during two baseline days before a treatment were averaged. The averaged data were used to construct time series for activity and T br or T co , which were plotted for each animal as daily waveforms. Similarly, data for each daily time point from the two replicate treatment days were averaged for each animal. These values were used to calculate other measures: daily mean temperatures and activity counts for each individual were calculated by averaging the data points collected from 1 h before the treatment time to the same time the following day (or the equivalent phase during baseline days). Daily T br and T co minimum and maximum values were calculated as the means of the three lowest consecutive values during the subjective day or the three highest consecutive values during the subjective night.
Daily temperature amplitude was calculated as the difference between the calculated daily maximum and minimum.
To minimize irrelevant variations across days and to permit calculation of group mean waveforms, T br and T co data were normalized for each animal on a daily basis using a Z transformation (68) . Each data point was subsequently expressed in units of standard deviation relative to the daily mean. Further calculations and statistical analyses on T br and T co were all based on these standardized data. Overall means were calculated, and time series were plotted for groups of animals who were treated with light pulses at a single ZT.
Hourly mean T br , T co , and activity were calculated as the mean of the 20 data points recorded during each hour. For both T b and activity, several measures were derived: peak temperature during the light pulse, temperature nadir after the light pulse, and the latency to each of these. The T b and activity peaks were defined for each animal as the highest values recorded during the hour in which a light pulse was given or in the corresponding hour during baseline days. Similarly, T b and activity nadirs were defined as the lowest values recorded during the period after the end of the light-pulse hour. For both T b and activity peak and nadir values, the latency to reach these values was defined as the time elapsed from onset of the light pulse (or equivalent time during a baseline day) until this value was achieved. The length of time that T b was elevated over baseline values after a treatment was also determined.
Animals were considered to be active whenever any activity was detected within a 3-min interval. Thus the total activity time during a specific period was calculated as the sum of all 3-min intervals during that period in which an animal showed activity. Durations of inactivity were calculated in a corresponding way.
Group means for all variables were obtained by averaging the relevant values from all individuals in the same treatment group. Differences between baseline and treatment days in mean T b and activity characteristics at each ZT were examined using paired t-tests. T b and activity characteristics at different ZTs were evaluated using least-squares regression methods, and the contribution of the mean level of motor activity to the elevation in T b was determined accordingly using the method described by Gordon and Yang (28) .
RESULTS

Daily T br , T co , and activity patterns.
Hamsters showed pronounced daily rhythms in T br , T co , and locomotor activity that were entrained to the 24-h LD cycles (Fig.  2) . Fluctuations of T b generally reflected changes in activity levels ( Fig. 2 ; see Table 5 for slopes and correlation coefficients between activity and T b ). Animals usually became active and showed a gradual increase in T b shortly before the beginning of the dark phase, an anticipation typical of entrained circadian rhythms. Each dark phase was typically characterized by two or three peaks of T b and activity, with intervening periods of lower activity and T b . The first peak in the early dark phase was generally the largest and lasted for 2-3 h, whereas the others usually did not exceed 1 h (Fig. 2) . During the light phase, animals spent most of their time at rest, and both their T b and activity were lower than during the dark phase. Nonetheless, they still showed short, irregular bursts of increased activity and T b at 2-to 4-h intervals, indicating an ultradian rest-activity rhythm characteristic of many small rodents (Fig. 2 and Refs. 7 and 17). These ultradian rhythms may represent feeding patternrelated activity and thermogenesis in the hamster (54) .
The daily patterns of T br and T co were similar overall (Fig. 2) ; however, T br was generally higher than T co when the daily mean, maximum, and minimum were compared ( Table 2 ). The daily amplitude of T br was smaller than that of T co (Table 2) . Rapid, small changes were also detected more frequently for T br than for T co (Fig. 2) . Nevertheless, once standardized for mean level, these two measures of temperature are quite comparable, and they are analyzed and discussed together below.
Responses of T br , T co , and activity to light exposure.
Light pulses did not significantly alter the overall daily mean, maximum, minimum, or amplitude of either T br or T co rhythms ( Fig. 3; Table 2 ), neither did they affect daily mean activity counts (22.6 Ϯ 10.1 for light-pulse days, n ϭ 40; 22.6 Ϯ 10.8 for baseline days, n ϭ 40). Light pulses applied at ZT16 often coincided with the latter part of the first nocturnal activity peak, whereas those at ZT22 often occurred during the last activity peak in the dark phase (Figs. 2 and 3) . Light exposures at ZT6 and ZT10 usually did not occur systemically in association with the small-amplitude bursts of activity or T b elevation that occurred spontaneously during the projected day phase (Fig. 2) . Responses to light pulses varied considerably with phase of treatment. At both ZT16 and ZT22 during the dark phase, light exposure caused a brief increase in activity that peaked rapidly (Table 3 ). This peak was followed by a sustained reduction in activity lasting Ͼ1 h and was characterized by lower intensities of activity and/or longer duration of inactivity (Table 3) . Interestingly, nighttime light pulses also caused a sustained elevation in T b lasting for most of the 1-h light exposure (Fig. 3) . After a light pulse, T b was significantly higher than baseline levels for 24.43 Ϯ 18.77 min at ZT16 and for 54.81 Ϯ 54.99 min at ZT22. In contrast, at both ZT6 and ZT10 during the projected light phase, there were few changes in either activity or T b associated with the light pulses (see below for details). The patterns of responses to light treatments observed at any given ZT were similar for T br and T co , although changes in T br were generally more rapid. The durations of any changes observed in T br and T co in response to light exposure were also similar at a given ZT (Fig. 3) . Nighttime responses of T b to light pulses were similar regardless of whether the animals were tested in the dark phase of a LD cycle or after 1-2 days in DD. At either ZT16 or ZT22, the mean T co during a light pulse was always at least 45% higher than that during the same interval on the baseline day (Fig. 4) .
To examine further the changes in T b and activity caused by light treatment at various ZTs, Figs. 5 and 6 show individual mean standardized T b and activity waveforms during a 4-h period beginning 1 h before and continuing until 3 h after the initiation of a light pulse. At ZT16 (Fig. 5) , light exposure evoked an immediate, brief increase in activity, followed rapidly by a strong suppression of activity. As a result, the latency to reach peak activity during the hour was significantly shorter during light-pulse days than during baseline days. Mean activity level and duration during the light pulse, and activity duration during the following hour, were nevertheless significantly reduced during treatment days compared with the equivalent phases on baseline days ( Fig. 5; Table 3 ).
In contrast to the effects on activity, light pulses at ZT16 increased both peak T b and mean T b during the light-pulse hour compared with equivalent phases on baseline days (Table 4 ). The light-induced elevation in T b persisted so that the hourly mean T b was also higher during the hour after the light pulse by comparison with the equivalent phase on baseline days (Table 4) . Light pulses at ZT22 had effects similar to those at ZT16 in causing a significantly elevated T b , as reflected in higher peak T b levels and higher hourly mean T b during light exposure (Fig. 5 and Table 4 ). There were also differences, however. The increase in T b during the light pulse hour at ZT22 appeared to be more robust than at ZT16 (Fig. 5) . Furthermore, this increase in T b was accompanied by a marked increase in activity and a shortened latency to peak activity during the light pulse (Table 3 ). There were, however, no significant differences between light-pulse and baseline conditions in amount of activity ( Fig. 5 and Table 3 ). Another contrast to the response at ZT16 was that at ZT22 the elevated T b started to decrease more rapidly before the end of the light pulse and continued to drop during the subsequent hours. Both the T b nadir and the mean T b during the hour after the light pulse were therefore lower than the values during baseline (Fig. 5 and Table  4 ). These differences may be due to a phase advance of the circadian activity and T b rhythms induced by the late-night light pulse. A phase advance would accelerate the onset of the subjective day phase, characterized by lower activity (as seen in the second half of the light pulse) and T b levels.
In contrast to the highly significant effects of light exposure during the dark phase on T b and activity, animals showed few responses to light pulses during the projected light phase at either ZT6 or ZT10 (Fig. 6) . Despite the occasional brief increase in activity in response to light onset, there were no statistically significant differences relative to baseline in any measure of either activity or T b during the light pulse nor during the hour after the light pulse ( Fig. 6 ; Tables 3  and 4) .
Relations between responses of T b and activity to light exposure. In a small animal like a hamster, increased activity levels often lead to intense metabolic heat production and increased T b , although T b does not necessarily reflect immediate, ongoing activity but rather reflects the amount of activity integrated over a period of time and after a variable delay. The initial rise in T b observed immediately after light onset during the dark may have been related to an initial burst of activity at that time. This relation was not observed consistently, however, and temperature could be elevated independently of activity level (Figs. 5 and 6; Tables 3 and 4 ). For example, activity changes cannot account for the sustained increases in T b throughout the light pulse and into the following hour at ZT16, because activity was suppressed during most of this period. In addition, at both ZT16 and ZT22, there was no significant increase in total activity during the light pulse relative to baseline, but T b was still elevated significantly.
Analysis of the linear correlations between activity and T b , which can quantify the influence of activity changes on T b changes (28) , was applied to extract the effects of light on T b from any possible masking effects of activity over various periods of time. Comparisons were made between light-pulse and baseline conditions of the intercepts, slopes, correlation coefficients, and contributions of the mean level of activity to the rise in T b (Table 5) . After a light pulse, the observed contributions of activity to T b did not increase, except in relation to one measure: the length of time that T b exceeded baseline levels after light at ZT22. The slopes of the linear functions relating T b to activity did not increase, but the intercept was almost always significantly higher after a light pulse ( Table 5 ). The results suggested that nighttime light induced an elevation in T b , and this elevation did not depend solely on concurrent increases in activity. The analysis thus confirmed that, while light pulses may stimulate activity transiently, resulting in transient increases in T b in some cases, most of the T b changes triggered by light were not reflected in changes in activity.
DISCUSSION
Phase dependence of acute effects of light. The photically induced hyperthermia observed in this study depended strongly on circadian phase, with significant responses observed only during the night. A diurnal species, the squirrel monkey, Saimiri sciureus, has also been reported to show marked elevation in T b when exposed to light at night but only slight increases in T b during the subjective day, presumably resulting from increases in activity (46) . Human subjects who remain inactive during bright light exposures also show hyperthermia only during the nighttime (8) .
The thermogenic effects of nocturnal light in humans have been attributed to suppression of melatonin, which is secreted spontaneously at night. Exogenous melatonin will lower human T b during the day and occlude the effects of light at night (12) . This explanation is, however, not applicable to hamsters or other nocturnal species in which melatonin and T b normally rise in parallel during the night. Thus the thermogenic effects of light in hamsters are unlikely to be related to melatonin suppression, unless melatonin has very different effects on thermoregulation in hamsters and humans (see below).
The rhythmic sensitivity to the hyperthermic effects of light may be related in both diurnal and nocturnal species to a role for retinal input to the SCN in mediating these effects (2). It is well known that many aspects of SCN neuronal function are rhythmic, with high sensitivity during the subjective night and relative, or complete, unresponsiveness during the subjective day. This rhythmic sensitivity characterizes circadian rhythm phase shifting (43, 64) , photic regulation of immediate-early gene expression in the SCN (57, 58) , photic regulation of SCN neuronal firing rates (42) , and SCN sensitivity to other stimuli (22) .
The circadian phases at which light induced hyperthermia in this study are also phases at which it can induce delay or advance shifts of circadian rhythms and SCN gene expression, whereas those at which it was ineffective are phases at which it does not cause substantial phase shifts or gene expression in rodents. In humans, light pulses capable of shifting the circadian system and elevating T b can also have immediate effects on other aspects of physiology and behavior (8, 16) .
Although it is possible that the SCN are involved in both phase-shift and acute responses to light, it is not clear that these share a common mechanism. Based on studies of human subjects, it has been proposed that acute changes in T b may be primary events mediating circadian phase-shift responses (18, 19) . There is not, Fig. 4 . Twenty-four-hour group mean (n ϭ 6 animals) waveforms showing patterns of T co and locomotor activity of Syrian hamsters (M. auratus) that were kept in constant darkness (DD). The animals were exposed to a light pulse lasting for 1 h at ZT16-ZT17 after 50 h in DD (A and B) or at ZT22-ZT23 after 56 h in DD (C and D). T co was recorded simultaneously with activity at 3-min intervals. A and C show T co and activity baselines; B and D show data collected on experimental days. Dashed open boxes indicate the times at which a light pulse could be given on experimental days, whereas the solid open boxes show the time at which the light pulse was actually given. A: ZT16, no light, n ϭ 6; B: ZT16, with light, n ϭ 6; C: ZT22, no light, n ϭ 6; D: ZT22, with light, n ϭ 6.
however, a great deal of experimental support for this hypothesis, and there is some contrary evidence. Prior administration of melatonin to humans can completely reverse the acute T b elevation induced by nighttime bright light; in contrast, it may only modify or not alter light-induced phase shifts of human (13, 38) or immediate-early gene expression in the rodent SCN (39) . Thus the mechanisms by which light alters physiology acutely and affects circadian phase appear to diverge at some level.
In addition, our results show that, despite the fact that light at both ZT16 and ZT22 increased T b , there were differences in the patterns of change in activity and T b at these phases ( Fig. 5; Tables 3 and 4) . Specifically, hyperthermia lasted longer and activity was more depressed during light exposure at ZT16, whereas activity and temperature in the hour after the light pulse were lower than baseline at ZT22 but not at ZT16. The results at ZT22 might be attributed to the light pulse causing an immediate phase advance of the T b rhythm. If a rapid advance were induced late in the subjective night, it might accelerate the decline in T b and activity that normally occurs at this time. An immediate phase shift by light could not, however, account for the central observation of T b elevation at both nocturnal phases.
The differences between ZT16 and ZT22 imply a divergence of the effects of light on behavioral and physiological regulatory systems at these phases. Differences have also been described in the effects of light on SCN cell immediate-early gene expression early and late in the subjective night (29, 51) and in the ability of neurochemical manipulations to alter photic phaseshifting effects at these phases (50) . Thus there does not appear to be a unitary nocturnal response to light, but a variety of responses are evoked differentially at different circadian phases during the night.
Light-induced T b elevation. Nocturnal light pulses affected both T b and activity of Syrian hamsters. The onset of nocturnal light pulses triggered a brief activity increase, which could result in an increase in heat production. The idea that increased activity leads directly to elevated T b is supported by the observation of fluctuations of T b that typically follow fluctuations in spontaneous activity (Figs. 2-4) . After the initial brief increase, however, hamsters usually showed a prolonged reduction in activity during most of the light pulse and beyond, whereas their T b showed a sustained increase. In addition, a detailed quantitative analysis of the effect of light on the linear regression of T b on activity indicates that alterations in activity cannot account for most of the light-induced T b elevation (A and B, top) and locomotor activity (A and B, bottom) in hamsters during the time from 1 h before to 3 h after a light pulse was applied during the dark phase at ZT16 (A) and ZT22 (B). Solid lines represent data collected on days with a light pulse (see Fig. 2 ), and dotted lines represent data from baseline days without a light pulse (see Fig. 2 ). The onset of the light pulse is labeled as elapsed time 0. T b and activity data were recorded every 3 min and are presented as group means (n ϭ 16 at ZT16; n ϭ 8 at ZT22). T b data were normalized and are expressed in units of SD from daily mean. (Table 5 ). In fact, light pulses did not alter the slopes of T b vs. activity, although it often significantly increased the intercepts for the linear regression of T b on activity, suggesting that T b would be higher during a light pulse even if there were no activity. Thus the sustained hyperthermic response of T b to light cannot be attributed directly to changes in activity. Because sleep was not recorded in this study, we cannot address the possibility that changes in sleep/waking status might contribute to observed changes in T b or activity.
The hyperthermic response in humans appears to depend on photic suppression of the normal nocturnal increase in melatonin levels (61) . The effect of melatonin on human T b is likely to be the result of effects on both thermoregulatory centers and on peripheral thermoregulatory processes involved in heat production and/or heat loss (13) . High levels of melatonin may inhibit thyroid hormone secretion and corticosterone metabolism (thereby reducing heat production), increase serotonin levels, and enhance peripheral blood flow (thereby increasing heat loss; see Refs. 38, 53, 66, 67) . Light-induced blockade of the melatonin rise will have the opposite effect, resulting in an increase in human T b . One inference that has been drawn from these observations is that a substantial proportion of the normal nocturnal decline in human T b is related to increasing levels of melatonin at that time (11) .
As a nocturnal species, however, hamsters show spontaneous increases in activity and T b during their subjective night, whereas their melatonin secretion (like that of all species studied) increases at the same time. Despite the fact that both T b and melatonin normally rise together at night in hamsters, we found that light pulses still further elevated T b . Whether this response relates to photic suppression of melatonin secretion as in humans (11) is not known. Melatonin has been reported to have complex effects on thermoregulation in nocturnal rodents, decreasing T b of mice and rats and increasing T b of Siberian hamsters, Phodopus sungorus sungorus (5, 30, 55, 60) . The finding that melatonin decreases T b in rats does not seem to be consistent with evidence that melatonin causes constriction of the isolated tail artery of rats because the tail is a major thermoregulatory organ for rats (65, 67) . The diverse effects of melatonin on T b of rodents may reflect complexity in its target mechanisms: melatonin activates two different receptor subtypes in vascular smooth muscle that mediate either vascular relaxation or constriction (23) .
An alternative interpretation is that photically induced changes in melatonin levels are not related directly to changes in hamster T b during a nocturnal light pulse. It is not known what other thermogenic mechanisms may have been activated by the light Fig. 6 . Changes in T b (A and B, top) and locomotor activity (A and B, bottom) in hamsters during the time from 1 h before to 3 h after a light pulse was applied during the subjective day phase at ZT6 (A) and ZT10 (B). Solid lines represent data collected on days with a light pulse (see Fig. 3 ), and dotted lines represent data from baseline days without a light pulse (see Fig. 2 ). Group mean data are presented with n ϭ 8 at both ZTs. See Fig. 4 for more information.
pulse. One possibility is that nocturnal light exposure is stressful to hamsters and leads to sympathetic arousal and thermogenesis associated with sympathetic mechanisms. Nonshivering thermogenesis in brown adipose tissue of anesthetized rats can be induced by electrical stimulation of the retinohypothalamic tract (the direct retinal projection to the SCN), which activates glutamatergic receptors in the SCN, or by chemical stimulation of the posterior hypothalamus (an area involved in regulation of heat production; see Refs. 1 and 3). These observations suggest that photic input to SCN neurons, which project to several hypothalamic nuclei involved in thermoregulation (36) , can regulate thermogenesis in rat brown adipose tissue (2). The sympathetic system outflow from the SCN and other nuclei to brown adipose tissue has recently been described in a rodent, P. sungorus sungorus, supporting this interpretation (9) . Further experiments are needed to investigate whether the hypothalamic nuclei that control thermogenesis and those that monitor T b levels are involved in light-induced T b elevation in Syrian hamsters.
Comparisons between T br and T co . Daily patterns of T br and T co in hamsters, as well as their responses to photic stimuli, were generally very similar, but T br was maintained in a narrower range across the day. Similar findings have been reported for T co and cortical temperature in rats (63) . In some circumstances, however, discrepancies between T co and T br temperatures have Values are means Ϯ SD; n, no. of hamsters. T b , body temperature. P Ͻ 0.05 indicates significant difference compared with baseline. been reported. Thus selective hypothalamic cooling in hamsters has been induced by exercise or by antidepressant drugs (24, 27) , and temperature changes have been reported in male rat hypothalamic nuclei during copulations that were only marginally detected in T co (10) . There were some differences between T br and T co of hamsters. T br was generally higher, as reported in most other species in which hypothalamic temperature was recorded (24, 25, 31, 61) ; however, depending on position and type of thermosensor, T br may sometimes be lower than T co (27) . In addition, T br of our hamsters sometimes showed more rapid, bursting changes in response to light, suggesting a greater responsiveness of T br than T co . These differences might, however, also be attributable to differences in the thermal properties of the sensors, because the sensor at the tip of the brain probe was not surrounded by a plastic capsule and paraffin coating, as was the abdominal sensor/transmitter.
In conclusion, light exposure has acute effects on T br , T co , and activity of hamsters at only some circadian phases. Hyperthermic responses to light exposure appeared only during the subjective night, coincident with times at which light can also phase shift circadian rhythms and induce gene expression in the SCN pacemaker. Further studies will be needed to assess how photic effects on temperature and circadian rhythms are related to each other and whether melatonin plays a mediating role in these effects.
Perspectives
There has been a long history of interest in the effects of environmental lighting on mammalian physiology and behavior. There are effects of light on humans that do not appear to involve either of the well-characterized mechanisms by which environmental lighting changes alter mammalian physiology: photoperiodic time measurement and circadian rhythm entrainment. These energizing and mood-altering effects have been employed in the treatment of clinical conditions such as seasonal affective disorder. Studies showing that nocturnal light exposure elevates human T b by depressing melatonin levels provide a potential mechanism for these effects. Our results demonstrate, however, that in nocturnal rodents this same temperature-elevating effect of light is found during the subjective night. For reasons reviewed above, these effects are not likely to be attributable to suppression of melatonin in nocturnal species, although this hypothesis requires an explicit test. It is more likely that light acts to elevate T co in nocturnal rodents by affecting autonomically regulated heat loss and gain mechanisms. It remains to be established whether similar mechanisms operate in diurnal species and whether the pineal/melatonin system plays different roles in temperature regulation among nocturnal and diurnal mammals.
